Alcohol consumption is an established risk factor for breast cancer. Whether associations vary by specific tumor characteristics independent of other characteristics is unclear. We evaluated the association between alcohol consumption and breast cancer risk in the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial cohort (54,562 women aged 55-74 years recruited at 10 US screening centers between 1993 and 2001; median follow-up, 8.9 years; 1,905 invasive breast cancer cases). Hazard ratios and 95% confidence intervals for subtypes defined by histological type and estrogen receptor (ER)/progesterone receptor (PR) status were calculated with standard Cox models. A novel 2-stage Cox model assessed heterogeneity in risk for individual tumor characteristics while adjusting for others. Significant trends across categories of alcohol consumption were observed, with hazard ratios for those consuming 7 or more drinks per week versus never drinkers as follows: for estrogen receptorpositive (ER+) cancer, 1.48 (95% confidence interval (CI): 1.19, 1.83); for progesterone receptor-positive (PR+) cancer, 1.64 (95% CI: 1.31, 2.06); for ER+/PR+ cancer, 1.63 (95% CI: 1.30, 2.05); and for mixed ductal/lobular cancer, 2.51 (95% CI: 1.20, 5.24). For ER+ and PR+ cancers, trends were significant for ductal and mixed ductal/lobular types. PR status explained the positive association with ER status (for ER status, P heterogeneity = 0.70 after adjustment for PR status). Alcohol consumption was not associated with all breast cancer subtypes. Future work should emphasize large collaborative studies, precise definition of subtypes, and adjustment for correlated tumor characteristics. alcohol; breast cancer; ductal carcinoma; estrogen receptor; lobular carcinoma; progesterone receptor Abbreviations: CI, confidence interval; DHQ, dietary history questionnaire; ER, estrogen receptor; ER−, estrogen receptornegative; ER+, estrogen receptor-positive; HR, hazard ratio; PLCO, Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial; PR, progesterone receptor; PR−, progesterone receptor-negative; PR+, progesterone receptor-positive.
others considering it a unique histological type (4) or excluding it (8, 15) . Stronger associations with alcohol intake have been suggested for lobular than for ductal cancers (5) . However, because lobular and mixed ductal/lobular tumors are more frequently ER+/PR+ than are ductal tumors (16) , it is not clear whether differences by histological type are due to underlying differences in hormone receptor status. Results from the few studies that have considered breast cancer subtypes defined jointly by hormone receptor status and histological type (4, 5, 15) have been variable, with one observing excess risk for ductal ER+ but not lobular ER+ disease (4) , and others reporting higher risk for lobular ER+/PR+ cancers than for ductal ER+/PR+ cancers (5, 14) .
Only recently have statistical approaches been developed for contrasting risk associations while simultaneously considering multiple tumor characteristics. To date, 1 study has explored alcohol associations with breast cancer by adjusting for multiple tumor receptor characteristics, specifically ER, PR, and human epidermal growth factor receptor 2 gene (HER2) status (17) . In the current report, we use data from the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial (PLCO) cohort (18) and apply a recently developed alternative statistical approach (19) to test for heterogeneity in alcohol-related risk by breast cancer subtypes defined by ER and PR status, as well as histological type.
METHODS

Study population
The PLCO is a multicenter randomized trial, coordinated by the National Cancer Institute (Rockville, Maryland), to evaluate the effects of screening on prostate, lung, colorectal, and ovarian cancer incidence and mortality rates. Details have been described previously (18) . Briefly, women aged 55-74 years were recruited at 10 US screening centers between 1993 and 2001; those with a previous diagnosis of lung, colorectal, or ovarian cancer were ineligible. Women were randomized into either the control arm, receiving usual medical care, or the screening arm, receiving regular screening for lung, colorectal, and ovarian cancer. At randomization, participants completed a questionnaire that asked about smoking, medical and reproductive histories, cancer in family members, oral contraceptive and menopausal hormone use, and demographic and anthropometric characteristics. A 114-item dietary history questionnaire (DHQ), which included questions about current and past alcohol intakes, was introduced in December 1998 (20) . New enrollees were given the DHQ at baseline; prior enrollees still in the trial were mailed the questionnaire, with an overall response rate of 82% (21) . DHQs missing quantitative responses for 8 or more food items or reporting the highest or lowest 1% of sex-specific total energy intakes were considered invalid and not used. All participants provided informed consent, and institutional review boards at the National Cancer Institute and screening centers approved the study.
A total of 78,202 women participated in the trial, of whom, 57,781 (73.9%) provided valid DHQs. Our study included 54,562 participants (69.8% of total) who completed both the baseline interview and a valid DHQ, had no prior history of breast cancer at completion of the DHQ, and were followed up for at least 1 month. Participants were followed from the date of DHQ completion to the date of breast cancer diagnosis or completion of the last annual study update prior to the end of follow-up (December 31, 2009, or 13 years following enrollment in the cohort, whichever came first).
Ascertainment and classification of breast cancer cases
Participants were contacted annually by mail regarding cancer diagnoses occurring within the previous year. We obtained data on breast cancer diagnoses from self-reports, next-of-kin, physicians, death certificates, and National Death Index linkage. Tumor characteristics, including histological type and hormone receptor status, were abstracted. Among the 2,397 reported breast cancers, confirmation was obtained for 2,372 (99%); the 25 that could not be confirmed were not included as cases. Those with ductal in situ cancer (n = 336) or other in situ cancer (n = 131) were censored at the dates of diagnosis and not included as cases. Thus, this analysis is limited to 1,905 histologically confirmed, invasive breast cancers. Cases were grouped as follows: ductal (International Classification of Diseases for Oncology, Second Edition, histology code 8500), lobular (code 8520), mixed ductal/lobular (code 8522), and tubular/other/unknown. When quantitative immunohistochemical results were available, tumors were considered ER+ or PR+ if at least 1% of cells stained positive (14) . Had we considered low positives (1%-9% of cells positive) as negative (for ER status, n = 17; for PR status, n = 77), the number of ER+/PR+ tumors would have been reduced by 5.8% (from 1,322 to 1,245), and the number of ER−/PR− and ER+/PR− tumors would have increased by 6.5% (from 247 to 263) and 37.0% (from 187 to 256), respectively. For analyses including histological type, those with tubular/other/unknown types were censored at their diagnosis dates; those missing ER or PR data were similarly censored in hormone receptor analyses.
Assessment of alcohol consumption
The DHQ contained questions on frequency of consumption (10 categories) for "beer," "wine or wine coolers," and "liquor or mixed drinks" during the preceding 12 months, as well as typical portion sizes (3 categories). It also contained questions on the frequency of consumption (10 categories) of "beer" (12-oz serving; 1 oz = 29.57 mL), "wine" (5-oz serving), and "liquor" (1.5-oz serving) during each of the following 4 periods of adult life: ages 18-24, 25-39, 40-54, and ≥55 years. We calculated alcohol intake per day from all sources (in grams) and present this as the number of alcoholic drink equivalents, with 1 drink considered to be 12 oz of beer, 5 oz of wine, or 1.5 oz of liquor. Women were considered current drinkers if, at baseline, they reported drinking any alcohol in the preceding 12 months; those who reported not drinking any alcohol in the preceding 12 months, but drinking during at least 1 of the earlier age periods, were considered former drinkers. Those who never drank in any age period, including the preceding 12 months, were considered never drinkers. Categories of alcohol consumption in this analysis included never, former, and current drinkers, with the latter further categorized as consuming less than 0.5, 0.5 to less than 1, 1 to less than 7, or 7 or more drinks per week.
Statistical analysis
Hazard ratios and 95% confidence intervals for breast cancer subtypes defined by histological type, hormone receptor status, and their combinations were estimated using a standard Cox proportional hazards regression model in which different subtypes are treated as mutually exclusive competing events. In all analyses, attained age was used as the underlying time scale, and subjects were assumed to be left-truncated at their age at entry. Analyses were performed without adjustment for any covariates (henceforth reported as age-adjusted models) and with adjustment for known breast cancer risk factors (multivariate models), including race, educational level, body mass index (weight (kg)/height (m) 2 ) at study entry, height, family history of breast cancer, age at menarche, age at natural menopause, parity, age at first birth, oral contraceptive use, menopausal hormone use at study entry, and smoking at study entry. Tests for trends in hazard ratio by level of alcohol consumption were based on the median amount consumed in each alcohol category, and they use never drinkers as the reference category; former drinkers were excluded from trend analyses. All reported P values are 2-sided.
To analyze how the effects of alcohol vary by histological subtype or hormone receptor status while controlling for the other, we used a recently developed modification of the Cox proportional hazards model (19) . In the first stage, the model incorporates distinct hazard ratio parameters for alcohol consumption for each possible subtype that could be defined by the combination of a set of tumor characteristics (e.g., histological type, ER status, and PR status). In the second stage, the subtype-specific hazard ratios are specified by a reduced set of parameters that can be used to assess heterogeneity in the effect of a risk factor by certain tumor characteristics while controlling for the others.
Because the numbers of cases of some subtypes and categories of alcohol consumption were sparse, we were unable to adjust for all tumor characteristics and all known breast cancer risk factors simultaneously. However, adjustment for each risk factor 1 at a time did not change alcohol-associated risk coefficients in any of our models by more than 15%; thus, only age adjustments were made in analyses of multiple tumor characteristics. As expected, the strongest confounding was observed when the model was adjusted for smoking, but even then, the main results highlighted in this report remained qualitatively very similar.
RESULTS
Study population characteristics
The median times from study entry to diagnosis (for breast cancer cases) and to exit (for noncases) were 8.9 years (interdecile range, 6.1-10.0) overall, 4.1 years (interdecile range, 0.8-8.0) for cases, and 9.0 years (interdecile range, 6.5-10.1), for noncases. Table 1 presents demographic and breast cancer risk factor characteristics of the study population overall and according to alcohol use at study entry. Most characteristics were distributed similarly across categories of alcohol use. Current alcohol consumers tended to be younger at study entry, non-Hispanic white, better educated, thinner, taller, older at the birth of their first child, and more likely to have used oral contraceptives than never or former drinkers.
Breast cancer cases
The majority of the 1,905 incident, histologically confirmed, invasive breast cancer cases were stage 1 (63.3%), less than 2 cm in diameter (75.1%), and without nodal involvement (70.2%). Additionally, 75.8% were ductal carcinoma, 12.2% lobular carcinoma, and 5.7% mixed ductal/lobular carcinoma; 69.4% were ER+/PR+, 13.0% were ER−/PR−, and 9.8% were ER+/PR− ( Table 2) . Lobular and mixed ductal/lobular tumors were more likely to be ER+/PR+ than were ductal tumors (76.8% and 80.7%, respectively, vs. 66.4%).
Breast cancer risk by alcohol consumption, overall and by subtype Overall, current drinkers experienced higher risk with a greater number of drinks consumed per week (P trend = 0.01), with the multivariate hazard ratio reaching 1.35 (95% CI: 1.12, 1.64) for those who reported consuming 7 or more drinks per week compared with never drinkers (Table 3) . Similar results were obtained from the age-adjusted models (P trend = 0.01). Former drinkers had a nonsignificant 16% higher risk compared with never drinkers. Risk increased steadily with increasing amount of alcohol consumption for ER+ and PR+ cancers (P trend = 0.0039 and 0.0004, respectively), but not for ER− or PR− cancer (Table 4) . For subtypes defined jointly by ER and PR status (Table 5) , higher risks by alcohol intake were observed only for ER+/PR+ cancer (P trend = 0.0003), with approximately 60% higher risk associated with consumption of 7 or more drinks/week relative to never drinkers. When we considered tumors with 1%-9% staining as hormone receptor-negative rather than positive, the associations with alcohol intake were essentially unchanged for ER+/PR+ and ER−/PR− breast cancers. The hazard ratio for ER+/PR− tumors went from less than 1.0 for nearly all levels of alcohol intake to greater than 1.0 for all levels, but both trends were nonsignificant (Web Table 1 , available at http://aje.oxfordjournals.org/).
For all histological types, risks were higher with higher alcohol consumption (Table 6 ). Although women consuming at least 0.5 drinks per week were at significantly higher risk of ductal breast cancer than were never drinkers, trends were significant only for mixed ductal/lobular cancer, largely because of the higher risk associated with the small number of women consuming at least 7 drinks per week.
Breast cancer risk by alcohol consumption in subtypes jointly defined by histological type, ER status, and PR status For women with ductal or mixed ductal/lobular cancer, higher risks were seen only for those with ER+/PR+ disease (for ductal cancer, P trend = 0.03; for mixed ductal/lobular
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Am J Epidemiol. 2014;180 (7):705-717 cancer, P trend = 0.003), although the trend for mixed ductal/ lobular cancer was mainly driven by a small number of women consuming at least 7 drinks per week (Table 7) . Ductal ER+/PR− and ER−/PR− tumors were not associated with alcohol intake, and too few cases were available to explore ER+/PR− and ER−/PR− status among lobular and mixed ductal/lobular subtypes.
To further explore the effect of simultaneously adjusting for multiple tumor characteristics, we present ratios of the alcohol risks in which the hazard ratio of 1 tumor subtype is compared with another (Web Table 2 ). For each comparison, results are presented from an age-adjusted model in which the tumor characteristic was analyzed by itself and also from models in which multiple tumor characteristics were analyzed simultaneously. For these analyses, additional adjustment for known breast cancer risk factors was not possible. Thus, for example, in the comparison of ER+ versus ER− tumors, the hazard ratio of 1.62 (95% CI: 0.93, 2.81) for consuming 7 drinks or more per week implies that breast cancer risk associated with this amount of drinking (in reference to never drinkers) was 62% higher for women with ER+ tumors relative to those with ER− tumors. In the age-adjusted models, alcohol-associated risks differed by ER status (P heterogeneity = 0.06), by PR status (P heterogeneity = 0.01), and between mixed ductal/lobular and ductal subtypes (P heterogeneity = 0.001). However, in the model with simultaneous adjustment for ER status, PR status, and histological type, differences in alcohol-associated hazard ratios were suggested for PR status (P heterogeneity = 0.1) but not ER status.
The observed difference in alcohol-associated risks between mixed ductal/lobular and ductal tumors, driven mainly by risk among women consuming 7 or more drinks per week, persisted in the model that accounted for both ER and PR status.
DISCUSSION
Our finding that breast cancer is linked to moderate alcohol consumption is consistent with a large body of evidence from epidemiologic studies (1-3) . However, suggestions that the strength of this association differs by histological type (5, 15) and hormone receptor status (4-10, 13) are not conclusive and may be due to correlated tumor characteristics (16) . We applied a novel statistical approach that simultaneously adjusted for ER status, PR status, and histological type, which allowed us to explore alcohol-associated risks by each distinct tumor characteristic (19) . In our data, positive associations were limited to ER+/PR+ tumors, and within this subgroup, risks were observed for ductal and mixed ductal/ lobular cancers. Analyses incorporating multiple tumor characteristics indicated that PR status, and not necessarily ER status, may characterize alcohol-associated etiological heterogeneity for breast cancer subtypes. Differences in ER/ PR status did not account for differences by histological type.
Contrary to our results, most (3-5, 7, 8, 12) , but not all (6), studies link alcohol consumption to ER+/PR− disease. Only 1 study has assessed whether ER+ status and PR+ status are independently associated with alcohol intake (17), but unlike our results, that study found the ER+ association was not attributable to PR status. In our study, PR status was more informative in parsing out the alcohol association because risks were seen only for ER+/PR+ cancers and not for ER+/PR− or ER−/PR− cancers. The 2-stage Cox model supported these observations, although the finding that women with PR+ tumors experienced higher risk with higher alcohol intake compared to women with PR− tumors, even after adjustment for ER status, was of borderline significance. One possible explanation for our unusual findings is our reliance on recent American Society of Clinical Oncology and College of American Pathologists guidelines (14) , in which immunohistochemical staining in 1%-9% cells is considered hormone receptor positive. Had we considered the low positive ER and PR readings as negative, the number of ER+/PR− tumors would have declined dramatically from 248 to 187, with the direction of the alcohol association for this subgroup switching from negative to positive, although the strength of the associations was not significant in either instance. Whether these new guidelines are useful for etiological research is not clear, because the new criteria were based on tumor responsiveness to endocrine therapy, which included instances in which ER and/or PR positivity was low (14) . It is not known whether the resulting subgroups accurately reflect tumor molecular biology or etiology (22) (23) (24) . When we use earlier conventions, in which less than 10% positive staining is considered hormone receptor-negative, etiological and clinical differences between ER+/PR+ and ER−/ PR− cancers are clear (25, 26) ; however, the literature on 2 ) (n = 35) were included in the age-adjusted model but excluded from the multivariate-adjusted model.
b Adjusted for race (white, other), educational level (≤12 years, beyond high school, missing), body mass index at study entry (<25, 25-29.9, ≥30, missing), height, family history of breast cancer (yes in a first-degree female relative, no), age at menarche (<12, 12-13, ≥14 years, missing), age at natural menopause (<45, 45-49, ≥50 years, missing)/ surgical menopause, reproductive history (nulliparous, first birth at <30 years of age and 1-2 children, first birth at <30 years of age and ≥3 children, first birth at ≥30 years of age), oral contraceptive use (ever, never), menopausal hormone use at study entry (never, former, current), and smoking at study entry (never, former, current).
c P trend calculated using median value in each drinking category and includes never drinkers but not former drinkers. Abbreviations: CI, confidence interval; ER−, estrogen receptor-negative; ER+, estrogen receptor-positive; HR, hazard ratio; PR−, progesterone receptor-negative; PR+, progesterone receptor-positive.
a Women missing data on educational level, age at menarche, height, or body mass index (weight (kg)/height (m) 2 ) (n = 35) were included in the age-adjusted model but excluded from the multivariate-adjusted model.
b Adjusted for race (white, other), educational level (≤12 years, beyond high school, missing), body mass index at study entry (<25, 25-29.9, ≥30, missing), height, family history of breast cancer (yes= in a first-degree female relative, no), age at menarche (<12, 12-13, ≥14 years, missing), age at natural menopause (<45, 45-49, ≥50 years, missing)/ surgical menopause, reproductive history (nulliparous, first birth at <30 years of age and 1-2 children, first birth at <30 years of age and ≥3 children, first birth at ≥30 year of age), oral contraceptive use (ever, never), menopausal hormone use at study entry (never, former, current), and smoking at study entry (never, former, current).
c P trend calculated using median value in each drinking category and includes never drinkers but not former drinkers.
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Am J Epidemiol. 2014;180 (7):705-717 ER+/PR− disease is more limited (27) . Despite being somewhat responsive to hormonal therapy, ER+/PR− tumors have more aggressive clinicopathological characteristics than ER+/PR+ tumors (27, 28) , and results from the largest pooling study to date do not implicate reproductive and hormonal risk factors in their etiology (25) . In future studies, the adoption of the new American Society of Clinical Oncology and College of American Pathologists criteria may help elucidate the molecular and etiological characteristics of ER+/PR+ breast cancer, including a potential role for alcohol consumption.
In terms of histological type, stronger positive associations were noted for lobular than for ductal tumors, although the differences were not statistically significant; whereas, the risk for women consuming 7 or more drinks weekly among the mixed ductal/lobular group was significantly higher compared with the corresponding risk for ductal cancer. This difference remained significant even after controlling for ER and Abbreviations: CI, confidence interval; ER−, estrogen receptor-negative; ER+, estrogen receptor-positive; HR, hazard ratio; PR−, progesterone receptor-negative; PR+, progesterone receptor-positive.
a Women missing data on educational level, age at menarche, height, or body mass index (weight (kg)/height (m)
2 ) (n = 35) were included in the age-adjusted model but excluded from the multivariate-adjusted model.
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Am J Epidemiol. 2014;180 (7):705-717 PR status. This finding, which has not been reported previously, needs to be interpreted with caution because the result was driven by a small number of women in that category of alcohol intake. Whether mixed ductal/lobular breast cancer is a unique histological type that borrows etiological and clinical characteristics from ductal and lobular breast cancer is not known (15, 16) . In prior studies, classifications have differed, with some considering mixed ductal/lobular cancer as lobular cancer (5), and others considering it its own histological subtype (4, 15) . Future studies with larger sample sizes are needed to explore this subtype on its own.
Our study had several limitations. Information on hormone receptor status and histological type was abstracted from hospital records, and there was no central review of pathological findings; thus, misclassification of subtypes is possible. Because we enrolled participants before the routine adoption of HER2 testing in early-stage breast cancer, our findings are limited to the differential impact of alcohol on breast cancer subtypes distinguished only by ER and PR status. Alcohol consumption was not high, with less than 12% of the cohort reporting current consumption of 7 or more drinks per week at study entry, and information on changes in alcohol use over the follow-up period was not available. Finally, although the PLCO cohort included a relatively large number of breast cancers cases overall, the small numbers of cases of specific subtypes limited the power of tests for heterogeneity and produced imprecise risk estimates. 2 ) (n = 35) were included in the age-adjusted model but excluded from the multivariate-adjusted model.
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In summary, by using data from a large cohort study in which classification of hormone receptor subtypes relied on recent guidelines, we used novel statistical methods to characterize alcohol-associated risks for breast cancer associated with multiple tumor characteristics. Our results indicate that PR status may be more informative than ER status as a marker for alcohol-associated risk for breast cancer, and that information on histological type may provide additional specificity. In the future, however, large collaborative efforts combining data from multiple studies are needed to corroborate these findings. Our analysis further points to the value of novel analytical strategies, such as the one used here, for identifying potentially distinct etiological pathways of breast and other cancers using data on multiple tumor characteristics, including new molecular markers that continue to emerge. Abbreviations: CI, confidence interval; ER−, estrogen receptor-negative; ER+, estrogen receptor-positive; HR, hazard ratio; PR−, progesterone receptor-negative; PR+, progesterone receptor-positive.
d Hazard ratios were not estimated for instances in which the reference category had 5 or fewer cases.
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